We report on the measurement of the multi-photon absorption dispersion of polydiacetylene-decorated silver nanoparticles in water solution. They were prepared by self assembly of the monomer 10,12-pentacosadiynoic acid (PCDA) onto pre-formed chitosan-stabilized Ag nanoparticles (Chit-AgNps) followed by photopolymerization of the diacetylenic outer shell. Z-Scan technique with fs pulses in open aperture configuration was employed: the spectral range covered the region between 1150 and 1350 nm. We tentatively attribute our results to a two photon state (2A g ) which peaks at 600 nm. This result is consistent with the fluorescence spectrum that shows an emitting state lying at about 650 nm, in addition to a peak at 568 nm which is attributed to the emission of an orange form of the polymer. However we cannot rule out the possibility that we are also dealing with higher order absorption processes and further studies are needed to clarify this point and to provide a deeper insight into the origin of the emission spectrum.
INTRODUCTION
Polydiacetylenes (PDAs) are a unique class of polymeric materials that couple highly aligned and conjugated backbones with tailorable pendant side groups. The facile delocalization of the π-electrons results in very large and fast third order optical nonlinearities: PTS [poly bis(p-toluene sulfonate) of 2,4-hexadyne-1,6-diol] still exhibits the largest off-resonant nonlinear refractive index (n 2 ) known for any material. 1 Such property makes PDAs suitable candidates for applications to all-optical signal processing. 2 The interest in nonlinear optical (NLO) studies of PDAs is twofold: 1. NLO spectroscopies make optically accessible electronic states which are not one-photon allowed:
3 therefore the ordering of the electronic states can be experimentally investigated; 2. the presence of a multi-photon absorption band close to the telecommunication window can strongly influence the performance of an organic device based on PDAs due to pre-resonant effects. NLO characterization of PDAs has been so far carried out with different techniques: Second Harmonic Generation (SHG), 4 Third Harmonic Generation (THG), 5 Two-Photon Induced Fluorescence (TPF), 6 nonlinear transmittance, 7 open and close aperture ZScan. 8 Moreover, PDAs have been investigated in solution, but also in amorphous films or single crystals. [4] [5] [6] [7] [8] Lately, a great effort has been devoted to the synthesis and characterization of nanohybrid materials which consist of metal nanoparticles (Nps) capped with PDAs: from the synthetic point of view, the Nps act as a template for the polymer, permitting the tuning of its phase, depending also on the dimensions of the metallic core. PDA functionalized metal Np have been already synthesized by Alloisio and co-workers. 9, 10 From the optical point of view, the nanohybrids could allow the exploitation of the intense local fields (which are generated at the metal surface upon illumination at their plasmon resonance) for amplifying the NLO properties of the polymer at the interface. The plasmon-enhancement of optical properties of PDAs is reported in Ref. 11 .
Here, we report on the NLO properties, investigated by means of open aperture Z-Scan in the fs-time regime and in the near infrared spectral region, of polydiacetylene-decorated silver nanoparticles (PDA-AgNps).
EXPERIMENTAL SECTION

Synthesis of PDA-functionalized silver nanoparticles (PDA-AgNps)
Stable polydiacetylene-decorated silver nanoparticles (PDA-AgNps) were obtained by self-assembly of the monomer 10,12-pentacosadiynoic acid (PCDA) onto pre-formed chitosan-stabilized silver nanoparticles (Chit-AgNps) followed by photopolymerization of the diacetylenic outer shell, as described elsewhere.
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Reagents: Silver nitrate, sodium borohydride, and all the spectroscopic grade solvents were commercial products used as received. Chitosan (22.8% acetylation degree, M w ∼1.34x10 6 in terms of repeating units) was purchased from Fluka. The diacetylene monomer 10,12-pentacosadiynoic acid (PCDA), purchased from Lancaster, was purified prior to use from traces of polymer spontaneously formed through dissolution in ethanol followed by filtration with a 0.20-μm PTFE syringe filter. All aqueous solutions were made with ultra-high-purity water purified with a Milli-Q Plus ultrapure water system (Millipore Co.) Synthesis of chitosan-protected nanoparticles: Silver nanoparticles stabilized with chitosan (Chit-AgNps) were obtained through a wet chemical reduction of the corresponding metal salt by proper modification of standard methods. In a typical preparation, to 20 ml of 0.8% w/v acetic solution of chitosan, obtained by dissolving 80 mg of the polysaccharide in 100 ml of 1% acetic acid solution, 5 ml of water and a proper aliquot of the salt precursor (5 ml, 5 mM) were added under magnetic stirring. Half an hour later, a freshly prepared aqueous solution of NaBH 4 (5 ml, 0.1 M) was introduced drop by drop, maintaining the stirring for approximately 2 h to ensure full reaction. Once obtained, the silver nanoparticles, which form yellow stable dispersion in water without introducing additional stabilizers, were kept at 4°C. Synthesis of PCDA-functionalized AgNps and their photopolymerization: As prepared, Chit-AgNPs were coated with PCDA molecules by adding to the corresponding colloidal solution a proper amount of the diacetylene dissolved in ethanol in order to keep the final monomer concentration around 0.3 mM. The resulting suspension was maintained under vigourous stirring overnight to allow the reaction to complete and stored at room temperature without purification from free stabilizer molecules as well as PCDA chains in excess. Photopolymerization of the diacetylene outer shells was carried out directly in the aqueous suspensions in a Rayonet photochemical chamber reactor, operating at 254 nm and 35 W power. The 1-cm quartz cuvette with the PCDA-containing colloidal solutions was kept at 10-cm distance from the UV lamps for 60 minutes.
Optical and morphological characterization techniques
-Bright-field TEM images were obtained with a Jeol electron microscope, model IEM-2010, operating at 200 kV.
Specimens were prepared by evaporating a drop on a 300-mesh carbon-coated copper grid (Lacey). Qwin software V3 for digital image processing and analysis was used for determining the nanohybrid size employing multiple pictures from different areas.
-Fluorescence measurements were carried out with a fluorimeter Fluomax (Jobin-Yvon).
-Absorption spectra were recorded with a Cary 5 UV-VIS-NIR spectrometer (Varian).
-Nonlinear optical characterization was performed by open aperture Z-Scan.
Z-Scan is a well-known experimental technique employed to measure nonlinear dielectric susceptibilities of materials. In this method, the sample is translated in the Z-direction along the axis of a focused laser beam and the far field intensity is measured as a function of sample position. In open aperture configuration, the analysis of the intensity versus sample position gives the imaginary part of the susceptibility (and therefore the multi-photon absorption coefficient). The laser system employed consisted in a Titanium-Sapphire Oscillator (Tsunami, Spectra Physics) pumped by a CW solid state laser (Millenia, SpectraPhysics). The laser pulses produced by the Oscillator were amplified in a regenerative amplifier (Spitfire, SpectraPhysics) pumped by a nanosecond solid state Nd:YLF laser (Merlin, SpectraPhysics). The amplified train of pulses at 803 nm were tuned in wavelength by an Optical Parameter Amplifier (OPA 800, Spectra Physics). The signal beam coming from the OPA was focused with a 200 mm focal length lens and the sample was moved across the focus by means of a computer controlled micrometric translation stage (Newport M-ILS150cc). The laser beam had a Gaussian (TM00) intensity profile and the beam waist (radius) at the focus was typically 35 μm. Pulse energies, after suitable attenuation, were in the range 0.3-1.3 μJ (peak intensities 100-450 GW/cm 2 ). The temporal width of the pulses was measured with autocorrelation experiments in a BBO crystal (typically 130 fs) and the pulse energy was determined with a pyroelectric detector (Molectron J3-0,5m). All measurements were carried out at 10 or 20 Hz repetition rate.
RESULTS AND DISCUSSION
Morphological and spectroscopic characterization
A TEM micrograph of the pristine Chit-AgNps, synthesized as described in detail in the Experimental Section, is reported in Figure 1 with the corresponding electronic absorption spectrum of its aqueous suspension. The sample exhibits a limited heterogeneity in size and in shape ( Figure 1 , left side). Although the presence of different morphologies cannot be disregarded, the quasi-spherical nanoparticles are the predominant product, with average dimensions of 24±12 nm and aspect ratio of 1.2±0.2. In the corresponding UV-Vis spectrum a well-defined surface plasmon resonance (SPR) band is observed, with the absorption maximum falling at 410 nm, as expected.
The absorption of the diacetylene monomers onto the pre-existing silver cores does not change the morphology and the SPR band profile of the resulting PDA-functionalized nanostructures (data not shown). The presence of chitosan as stabilizing agent is crucial for improving the monomer coating and hence its conversion to polymer. 
Optical measurements
The absorption spectrum of PDA-functionalized silver nanoparticles (PDA-AgNps) in water (2 mm cuvettes) is shown in Figure 2 . The spectrum is typical of a red form of PDA (peak at 562 nm) even though the 674 nm peak indicates the presence of a blue form as well. The shoulder at about 420 nm is due to the plamonic resonance of the AgNps. Peaks at 562 and 511 nm are assigned to the purely electronic transition and its first vibronic band, 14 respectively. The shoulder at about 480 nm can be most probably assigned to the absorption of the orange form of PDAs.
14 Figure 3 shows the emission and excitation spectra. The emission spectrum exhibits three features at 568 nm, 644 and about 667 nm. We can point out two possible interpretations: The first possibility is that the three peaks correspond to a vibronic progression belonging to the same electronic state, with the 568 nm representing the purely electronic transition. The second one is 50 nm 400 600 800 Normalized absorbance wavelength, nm based on the assignment of only the 644 and 667 nm peaks to the fluorescence spectrum of the red form, with the 568 nm peak resulting from the emission of the orange form.
14 In the first case the absorbing and emitting state are not appreciably shifted with respect to each other and therefore the intensity of the purely electronic emission should be more intense than those of its vibronic progression, in disagreement with the experimental data. Therefore, the second hypothesis seems to be the most reasonable one. However, further studies are currently underway to elucidate the assignment of the emission spectrum. The excitation spectrum (recorded for emission at 644 nm) resembles the absorption band of the red polymer which is then assumed to be the species emitting at 644 nm: some discrepancy could stem from a scattering background not properly compensated. Open aperture Z-Scan measurements were performed in the spectral range 1150-1350 nm. It is known from the literature that a single Z-Scan trace is not very sensitive to the order of nonlinearity 8 and therefore, for distinguishing between twophoton absorption (2PA) and higher order nonlinearity, the following procedure was adopted. A series of traces at different input intensities was collected and the data were fitted with a linear dependence of the absorption coefficient on the intensity (I) ( βI + α = α(I) 0 ): by plotting βI 0 as a function of I 0 (peak intensity) it can be realized whether β is intensity independent (i.e. the absorption is a pure two-photon process) or intensity dependent (higher order absorption processes take place). A similar approach was employed in Ref. 8 and 15 . The presence of nonlinear phenomena from the matrix was checked by using as a reference solution the "precursor" suspension containing the unpolymerized nanohybrids. All Z-Scan traces were normalized to the transmitted intensity read far from the focus. Figure 5 shows the plot of βI 0 as a function of I 0 at 1150 nm: these data were well interpolated by a linear fit and higher order terms did not provide a significant improvement to the fit itself. The same conclusions were reached for the other wavelengths. The linearity of βI 0 as a function of I 0 ( Figure 5 provides an example at 1150nm) is typical of a 2-photon (2P) process: we are probably dealing with a 2P state, even though we are currently investigating the possibility that we probed a 3PA in saturation regime.
If we assign the MP state to a 2P state, we can rule out the possibility that it corresponds to a vibronic state arising from the coupling of the 1P allowed electronic state (1B u ) with a b u vibrational mode since it lies lower in energy than the origin of the 1B u state. Moreover, due to negligible absorption in the spectral region from 1150 nm to 1350 nm, a sequential mechanism (1P+1P) is unlikely. A coherent two photon absorption leading to an electronic gerade state seems to be the most likely choice: therefore, we can label it as 2A g . In the same spectral region, Banfi, 16 Grando 7 and D'Amore 17 showed the presence of a 2P state in a polycrystalline film of poly(3-BCMU) and an isotropic film of polyDCHD-HS. In PTS single crystals (which correspond to a blue PDA form) also Polyakov 8 and Lawrence 18 found 2P absorption around 1200 nm.
It is worth noting that we used intensities up to 400 GW/cm 2 . In the same spectral region, but with different PDAs and with different repetition rates or pulse widths, some authors found higher order absorptions with significantly lower peak intensities (I<40GW/cm 2 ). However it is known that for a simultaneous n th order absorption the presence of (pre-) resonant effects can strongly enhance higher order processes. 19 In the case of sequential multi-photon absorption, also pulse duration and repetition rate may play an important role. It is therefore not easy to compare results from different PDAs measured in different experimental conditions. Nonetheless we cannot exclude higher order processes in saturation regime. It is known for example that in π-conjugated dyes 20 and inorganic semiconductors 21 the 3PA saturates at peak Intensities of hundreds of GW/cm 2 . Let's consider the expression of the saturated 3PA coefficient Figure 5 . There is still the possibility, however, that we are working at Intensities comparable to I sat : in this case a more detailed investigation is required in order to single out whether our experimental data could be fitted or not with this model. b) Spectral position of the 2P state with respect to the 1P one. Figure 6 shows that the MP state (assumed as a 2P state) peaks at 600 nm whereas the 1B u state peaks at 562 nm that is 0.14 eV = 1127 cm -1 above. This position of the 2A g state is consistent with the emission data of PDA-AgNps if we assume that the highest energy fluorescence band lies at 644 nm. As mentioned above the shoulder at 568 nm could come from a different polymer form.
For the red forms of PDAs it is well documented in the literature the possibility that the lowest excited state can be either B u (1P allowed) or A g (2P allowed), with obvious consequences on the fluorescence yield of those polymers: there are reports of 2P states lying above 6,16,22 below 7 or almost degenerate 4 with respect to the 1P state.
Moroni 6 showed for polyDCHD-HS in benzene solution, the presence of a broad 2P band which originates 0.09 eV above the 1P state (two-photon fluorescence measurements, 10 ns pulses and repetition rate 10 Hz); in a poly-4BCMU film, Townsend 22 had evidence for a 2P state with the onset slightly below the 1P one, but peaking well above it. (ZScan, 2 ns pulses and repetition rate 10 Hz); in a poly-crystalline film of Poly(3-BCMU) Banfi 16 found a 2P state lying 0.6 eV above the 1P state (nonlinear trasmittance, 150 fs pulses, repetition rate 1kHz).
On the other hand Grando 7 showed a 2P state peaking 0.16 eV below the 1P state on an isotropic film of polyDCHD-HS (nonlinear trasmittance, 150 fs pulses, repetition rate 1kHz).
A case of almost degeneracy is mentioned in the paper by Manaka 4 on a PDA polymer film (Second Harmonic Generation, 10 ns pulses and 10 Hz repetition rate).
The mechanism responsible for switching the ordering between the 2A g and the 1B u states is rather complex and should take into account the supramolecular structure as well as the interchain interactions and electron-phonon coupling. 7 Alternatively, if due to the very high intensities employed in the Z-Scan experiment we ran into a 3P state in saturation regime, such state would lie around 400 nm that is at the tail of the 1B u state evidenced by the linear absorption spectrum. 
CONCLUSIONS
The NLO properties of polydiacetylene-decorated silver nanoparticles in water were investigated. The samples were prepared by self assembly of the monomer (10,12-pentacosadiynoic acid) onto pre-formed chitosan-stabilized AgNps followed by photopolymerization of the diacetylenic outer shell. The open aperture Z-Scan technique (fs pulses, 10 or 20 Hz repetition rate) was employed to determine the dispersion of the multi-photonic absorption coefficient in the near infrared region (1150-1350nm). We have tentatively attributed our results to the presence of a two-photon allowed state lying at 600 nm, although we cannot rule out the possibility that we are dealing with higher order nonlinearities like three photon absorption. Although the one-photon state of the red polymer phase peaks at 562 nm , the PDA-AgNps still exhibit fluorescence: this effect has been attributed to the strong Stokes-Shift, which lowers the one-photon state below the two-photon one (fluorescence emission originates from a state at 644 nm). In this hypothesis the shoulder in the fluorescence emission spectrum at 568 nm should be assigned to the fluorescence from an orange form of the polymer, co-existing along with the red one. Further studies are currently under-way to better clarify the order of the observed nonlinear absorption and to elucidate the origin of the emission spectrum.
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